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ABSTRACT 
The composition and total mass of the adsorbate, which is present 
on Silicalite after exposure to liquid or vapor phase mixtures of wa ter 
and ethanol, are measured. 
The liquid phase experiment demonstrates that the adsorbent used 
in this work is similar to that used in previous studies. Silicalite 
strongly adsorbs ethanol, but the adsorbate recovered is not highly 
enriched. A recovery process with liquid phase solutions does not 
appear promising. 
The composition and mass of the adsorbate are more accurately 
measured in this study by vapor phase methods. A mass balance is 
closed to within 1%. The total mass adsorbed is found to agree with 
predictions of a Langmuir mixture model, which is based on total mass 
data in a previous study. But the ethanol content of the adsorbate is 
less than estimated by the model. The adsorbate is found to contain a 
maximum of 80% by weight ethanol compared to estimates of 95% or more. 
In addition, the molar selectivity of Silicalite decreases from a value 
of 4 at moderate ethanol concentrations to 1 at high concentrations. 
The Langmuir model estimates a fixed value of 14. Use of Silicalite 
in an adsorption process is suggested for recovering ethanol from low 
concentration mixtures. 
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INTRODUCTION 
In recent years, ethanol has attracted attention because of its 
potential as a petroleum fuel substitute. Gasohol, which is one part 
anhydrous ethanol and nine parts gasoline, became a large part of an 
energy program to reduce the importation and consumption of oil in the 
United States. But easing international oil prices have caused the 
production of gasohol to crest and drop. More attention now is being 
given to ethanol as a petroleum extender and octane enhancer rather than 
as a replacement for petroleum. However, because of experiences with oil 
crises in the past, ethanol may be scrutinized to displace petroleum 
based fuels again. 
Ethanol can be made in dilute aqueous solutions by fermentation of 
renewable resources such as grain and corn. It is separated from the 
water by repeated distillation. Roughly the same amount of energy is 
required to grow grain and corn and convert them to ethanol as is 
contained in the ethanol itself (34). The energy requirement of the 
distillation process is the most important factor in this energy balance. 
For example, the recovery of anhydrous ethanol from a 10% by weight beer 
may require one-half the heat of combustion of ethanol (23,500 KJ/L). 
In the case of a 2% beer, the energy required may be ~s much as 2.5 times 
the heat of combustion. Therefore, more energy efficient methods of 
separation must be found to help the energy balance, especially for low 
concentration solutions. 
A promising method of recovering ethanol from low concentration 
solutions is by selective adsorption. This method separates bulk 
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mixtures by selectively removing one component with a solid adsorbent. 
The adsorbent must have an affinity for the component in the bulk mixture 
and not the others. Subsequently, a product enriched in that component 
may be removed from the adsorbent. 
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LITERATURE REVIEW 
The selective adsorption process has separated and purified both 
liquid and gas mixtures such as in the removal of organics from water and 
in the enrichment of oxygen and nitrogen in air. The most significant 
advance in adsorption over the last 25 years has been the development and 
utilization of microporous zeolite molecular sieves. Zeolites exhibit an 
extremely uniform pore size. This characteristic enables separation by 
a highly selective sieving principle on a molecular scale. The adsorbent 
studied in this work, Silicalite, is a zeolite with a unique 
organophilic, hydrophobic character. This characteristic allows for the 
application of the sieving principle to enrich aqueous alcohol solutions, 
particularly ethanol. Silicalite has other applications also. 
Zeolite Molecular Sieves 
Some early history of molecular sieves is touched upon by Hersh (17). 
According to him, J. W. McBain realized the concept of molecular sieving 
when early investigators noticed that the naturally occurring zeolites 
rapidly adsorb small, polar molecules while larger molecules are excluded. 
In the 1930s, R. W. Barrer systematically investigated the zeolite 
molecular sieves, and recently he has authored two books dedicated to 
current knowledge of them (2, 3). The naturally occurring zeolites are 
erionite, chabazite, mordenite, and clinoptilolite, and according to 
Olson et al. (24), the most siliceous are the latter two. But the natural 
occurring zeolites are not abundant and are relatively impure; therefore, 
scientists at the Linde Company in the 1940s embarked on a program to 
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produce the first synthetic zeolites. 
Flanigen (10) concentrates on the history of synthetic molecular 
sieve technology. In 1954, molecular sieves were introduced as 
adsorbents for industrial purposes. In that year, Union Carbide developed 
a large scale process that removed oxygen from argon. Since then, 
extreme interest in molecular sieves has resulted in some 15,000 
scientific contributions and 10,000 patents. As of 1979, the production 
of molecular sieves has evolved into a quarter billion dollar industry. 
The evolution of the synthetic zeolites can be traced by noting 
the increasing silicon to aluminum ratio. The first synthetic zeolites 
are the aluminum rich types, which are denoted type A and type X. They 
have ratios approaching unity and are noted for large pore volumes and 
a hydrophilic character. Thus, these zeolites exhibit maximum 
diffusional properties and are used in drying and purification processes. 
However, these zeolites are the least stable. The intermediate silica 
zeolites are denoted type Y and type L. With ratios between 1.5 and 3.0, 
they exhibit improved stability and are used in the catalytic conversion 
of hydrocarbons. The recent high silica zeolites are denoted by their 
framework structure: ZSM-5, ZSM-11, ZSM-12. They have silicon to 
aluminum ratios of 10 to 100 and exhibit organophilic, hydrophobic 
character. They still have the aluminum essential for acidic hydrocarbon 
catalysis and are extremely stable at high temperatures. 
Breck (5, 6) describes the zeolites as ideal crystals that when 
synthesized produce an extremely uniform pore structure. Interpenetrating 
the zeolite is a system of channels and cavities that account for up to 
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a 50 volume percent internal porosity and a high surface area. The 
basic framework of the zeolite determines the pore size and internal 
volume. The channel diameters can range from .3 to 1.0 nanometers. 
Thus, zeolites can separate molecules based on shape and size partly 
as determined by pore characteristics. But the presence of aluminum and 
other mobile cations affects the polarity of the molecular sieve. 
Therefore, selectivity can be determined by this molecular parameter as 
well. 
In general, zeolites are synthesized by the gelation of reactants, 
such as silicate and sodium aluminate, when sodium hydroxide is added. 
This step is followed by the aging of the gel and heating from about 50 
to 200 degrees Celsius (29). Increasing the silicon to aluminum ratio 
in the reaction mixture and the introduction of alkyl ammonium cations to 
the synthesis gels results in the spectrum of properties afforded by 
zeolites. Along with the spectrum of zeolites is a spectrum of synthesis 
mechanisms for each. The differing synthesis mechanisms reflect a 
crossover from four, six and eight ring structures in low silica 
molecular sieves to an increasing fraction of five ring structures in 
high silica zeolites. With low silica zeolites, a nucleation mechanism 
prevails, while the highly siliceous molecular sieves seem to form by 
a templating or cathration mechanism. These mechanisms are summarized 
by Rollman (28). 
Because zeolites can be tailor-made to particular types of 
molecules, the zeolites have been widely used as adsorbents. Processes 
which utilize the adsorption characteristics of molecular sieves are 
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drying, co2 removal, sulfur compound removal, pollution abatement, and 
bulk separations such as normal/isoparaffin and xylene separation. 
The major impact of zeolites, however, is in the area of catalysis. 
This application mainly utilizes the acidic properties of the zeolite. 
The first major commercial application came in catalytic cracking of 
crude oil to liquid fuels, which involves hydrocarbon conversions, 
hydrogenation and dehydrogenation, hydrodealkylization and methanation 
(10). Zeolite molecular sieves also are used in ion exchange applications 
such as water softening and waste water treatment; however, siliceous 
zeolites have small ion exchange capacity (24). 
Silicalite 
Silicalite was synthesized by Flanigen et al. in 1977 (11). It is 
the ultimate in siliceous molecular sieves because it can be considered 
completely free of aluminum. Much literature has been devoted to the 
question of whether there is actually some aluminum incorporated in the 
framework, thus making Silicalite a member of the high siliceous 
zeolites (13, 26, 27). Silicalite is structurally indistinguishable 
from the ZSM-5 substitutional series based on studies of its atomic 
structure (13). 
Due to its lack of aluminum and other mobile exchange cations, 
Silicalite is free of strong field gradients and polarity. Therefore, 
it exhibits highly hydrophobic character while remaining organophilic. 
Since its discovery, Grose and Flanigen (14) and Flanigen and Patton (12) 
have introduced other silica molecular sieve compositions including 
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TEA-silicalite and fluoride Silicalite, respectively. Bibby et al. (4) 
have invented a Silicalite analogous in framework to the ZSM-11 series 
that they termed Silicalite-2. 
Commercially available Silicalite can have silicon to aluminmn 
ratios greater than 200 (13). 3 Its density is 1.76 grams/cm (11), and 
it is remarkably stable in air to over 1,100 degrees Celsius. At 1,300 
degrees Celsius, it slowly converts to amorphous glass (23). 
The ZSM-5 framework is intermediate between the shape selective 
zeolites and the large pore zeolites. The framework contains a 
configuration of linked tetrahedra consisting of 10, five membered rings. 
This configuration yields a three-dimensional channel system defined by 
intersecting elliptical and sinusoidal channels (see Figure 1) (11). 
The total length of the pore system per unit cell (sinusoidal and 
elliptical) is 8.8 nanometers, while the linear elliptical channels 
Figure 1. Channel system in Silicalite 
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alone are 5.9 nanometers. Therefore, it would seem that the ZSM-5 
framework imposes configurational diffusion restrictions (9). 
Flanigen et al. (11) and Bibby et al. (4) present details of the crystal 
structures of Silicalite as determined by X-ray diffraction. 
Silicalite is prepared by including nitrogeneous organic molecules 
in the reaction mixture such as tetrapropylammonium bromide at 
temperatures between 100 and 200 degrees Celsius. The organic guest 
molecule is initially incorporated in the framework of the zeolite, but 
then is removed by high temperature treatment (usually calcination in 
air at 500 to 600 degrees Celsius). The crystallization mechanism of 
the precursor involves the silica cathration of the hydrophobic organic 
cation, analogous to the formation of crystalline water cathrates of 
alkylammonium salts (11). 
General Adsorption Properties 
The unique property of Silicalite is its hydrophobicy. The nature 
of a hydrophobic adsorbent is understood quite well. For adsorption 
of water to occur, specific interactions such as hydrogen bonding, polar, 
or acid-base interactions are important. Flanigen indicates that since 
Silicalite is electrically neutral, which is due to a lack of aluminum 
and other cations, there is no strong interaction with water. 
Furthermore, due to the clustering of liquid water molecules, the water 
clusters are thought to be too large to fit into the uniformly small 
pores of Silicalite. On the other hand, Silicalite does have a high 
preference for organic molecules smaller than its limiting pore size. 
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In this case, Flanigen et al. suggest that adsorption of organic 
molecules is a physical process, although the reported heat of adsorption 
(10 to 20 kcal/gmol) seems to indicate chemisorption (11). 
In a work by Maiwald et al. (21), the diffusion of water through 
Silicalite is studied by pulsed nuclear magnetic resonance. The study 
indicates that there is a considerable amount of hydroxyl groups on the 
outer surface of Silicalite. This facial layer of hydroxyl groups may 
be coordinated with water molecules. Furthermore, it is suggested that 
some water may move freely in the channel structure, where it can be 
adsorbed by any aluminum ions. These factors may strongly modify the 
hydrophobic nature of the zeolite. 
Silicalite adsorbs molecules as large as benzene, but rejects 
molecules above 6 angstroms. It has a maximum pore volume of 
.19 cm3/gram. These facts are in agreement with the properties expected 
from its crystal structure (11). Studies of the heats of adsorption of 
benzene and n-hexane and n-butane and butylene on Silicalite are reported 
by ThaIIllll and Regent (32) and Thamm et al. (33), respectively. The 
adsorption and diffusion of C-6 and C-8 hydrocarbons in Silicalite are 
studied by Wu and Debebe (35). 
Adsorption of Aqueous Alcohols 
Milestone and Bibby (23) studied the liquid phase adsorption of C-1 
to C-5 alcohols and water by Silicate. In their procedure, aqueous 
solutions of alcohol are equilibrated with the adsorbent overnight. 
Afterwards, the equilibrium concentration of the solution is determined 
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by gas chromatography. The depletion of alcohol in the solutions 
indicates the amount of alcohol adsorbed by Silicalite. 
In the case of straight chained alcohols, it is found that high 
molecular weight alcohols are preferentially adsorbed over the lower, 
which is in direct contrast to other zeolites. This result illustrates 
Silicalite's highly organophilic nature. It also is found that the 
straight chained alcohols are preferred over the branched. Bibby ~ al. 
(4), in a paper presenting Silicalite-2, assert that rigid molecules are 
desorbed in a single, low temperature step, while flexible molecules are 
lost in two steps. These results indicate that there could be some 
blocking effects in the channels of the zeolite due to molecular bending 
and steric hindrances. 
In a study by Klein and Abraham (19), adsorption of ethanol and 
water by Silicalite in the vapor phase is studied by a static, 
gravimetric method. The total amount of ethanol and water vapor 
mixtures adsorbed by Silicalite is measured as a function of adsorbent 
temperature and the component partial pressures of ethanol and water. 
These adsorption isotherms are presented in Figures 2 and 3. 
In the work by Klein and Abraham (19), the isotherms are shown to be 
well-represented by the Langmuir mixture model (1). The Langmuir mixture 
model assumes that the adsorbed molecules are held at definite points 
of attachment on the surface and that each site can adsorb only one 
adsorbed species. The energy of adsorption is constant, which implies 
uniform sites and no interactions among adsorbate molecules. In that 
case, the energy of the adsorbed species or the probability of 
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adsorption on an empty site is independent of whether an adjacent site 
is occupied. Another implication of these assumptions is that the 
maximum adsorption possible corresponds to a monomolecular layer. 
If these assumptions apply to Silicalite, then the Langmuir model 
can be extrapolated in several ways. It can predict the total 
adsorption for other adsorbent temperatures and component partial 
pressures. It also can predict the amount of ethanol adsorbed by 
Silicalite. In that case, the composition of the adsorbate is estimated 
given the adsorbent temperature and vapor condition as well. If the 
same amount of adsorption occurs for any given aqueous solution as from 
the corresponding vapor, then the adsorption of ethanol from a liquid 
phase solution can be predicted. 
Based on the total adsorption data, Klein and Abraham estimate a 
molar selectivity of 14 at 60 degrees Celsius. After extrapolating 
to 25 degrees Celsius, it is estimated tht an adsorbed phase of 98% by 
weight ethanol exists on Silicalite when the adsorbent is exposed to a 
10% by weight beer. The general inference is that the adsorbate is 
highly concentrated, but not anhydrous ethanol. 
Separation by Adsorption 
There are several methods by which a binary mixture can be 
separated through a selective adsorption process. The methods are 
differentiated by the way desorption is accomplished. One way to achieve 
desorption is called thermal swing. In this case, the temperature of 
the adsorbent is raised above the temperature at which adsorption occurs. 
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At the higher temperature, the capacity of the adsorbent is less, and 
the amount of material desorbed is equal to the difference of the 
capacities at the two temperatures. Another type of separation called 
pressure swing works in the same manner except pressure is lowered to 
invoke desorption. Purge gas stripping is a third method in which 
desorption is carried out by the stripping action of a hot, non-adsorbed 
gas. The effect essentially reduces the partial pressure of the 
adsorbate. A fourth method simply displaces the adsorbate by exposing 
the adsorbent to a fluid which contains a second adsorbable species in 
high concentration. Consequently, the initially adsorbed material must 
be removed from the displacing fluid (5). 
In their work on sorption of alcohol on Silicalite, Milestone and 
Bibby (23) report that ethanol is concentrated from a 2% by weight 
solution to 35%. A thermal swing process is used to effect desorption 
from small, packed columns. These authors assert that the water in the 
ethanol product is largely interparticle water held by the adsorbent 
after liquid phase adsorption is complete. The water remains despite 
efforts to remove it by filter press. Silicalite is exposed to aqueous 
butanol solutions in the study as well. After exposure of the packed 
bed to a 1/2% solution, desorption is carried out by initially drying 
the bed at 40 degrees Celsius and then heating to 150 degrees Celsius. 
This procedure results in a product of 98% by weight butanol. 
A work done at Oak Ridge National Laboratory evaluates an ethanol 
recovery process which utilizes Silicalite. In the process, the 
desorption of a highly enriched ethanol product is accomplished by purge 
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gas stripping of the molecular sieve by heated nitrogen gas. The 
process is based on studies done with packed columns of Silicalite 
exposed to liquid phase solution of alcohol and water. After stripping 
of the bed by the hot gas, it is claimed that 90% of the ethanol 
adsorbed from a 10% solution could be recovered in a fraction containing 
60% ethanol by weight. However, the overall effluent concentration is 
reported to be about 12% (18, 25, 31). 
Workers at Ames Laboratory obtain recoveries of approximately 75% 
of the adsorbed ethanol from a 10% solution with a purity between 50% 
and 65% by weight. The overall product contains only about 28% ethanol. 
They use purge gas stripping of several different gases to effect 
desorption. Similar results are obtained when a new, novel method of 
desorption is used. Silicalite is transparent to microwave radiation, 
but ethanol is readily heated and vaporized by it. Therefore, a variation 
of the temperature swing method can be accomplished by stripping with 
microwave energy. It is claimed that the method is rapid and energy 
efficient, leaving the stripped Silicalite in a form ready for innnediate 
use. However, the equipment required is expensive and a cost-benefit 
study of the procedure needs to be evaluated (7). 
Other Applications of Silicalite 
Distribution coefficients and capacities for the adsorption of many 
other compounds by Silicalite are reported by Schultz-Sibbel et al. (30). 
The results of the study indicate a potential use of Silicalite as a 
purifier of liquid water and certain gases. A recent study by 
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Chriswell and Gjerde (8) utilizes Silicalite as an adsorbent to 
accumulate sulfur dioxide as a convenient means of sampling stack gas. 
The adsorption properties of Silicalite also suggest potential 
application for scrubbing stack gas as well. In some preliminary work, 
Maddox (20) studies the feasibility of using Silicalite to remove 
butanol from fermentation broths below concentrations toxic to the 
fermenting organism. This application provides a possible alternative 
to distillation as a means of recovering butanol. 
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EQUIPMENT AND PROCEDURES 
The present study consists primarily of measurements of the 
adsorbate which exists on Silicalite after exposure to ethanol and water 
mixtures both in the liquid and vapor phase. In both cases, heating 
and vacuum stripping remove the adsorbate in a complete and unambiguous 
manner. The adsorbate is analyzed for concentration of ethanol and the 
total amount of ethanol and water adsorbed by Silicalite. The results 
of the liquid and vapor phase experiments are compared to previous work 
which studies the adsorption of ethanol and water by Silicalite. 
Liquid Phase Experiment 
Liquid phase separation of aqueous ethanol solution by Silicalite 
is attempted in three steps: adsorption, removal of extraneous water, 
and desorption. The systems which remove the extraneous water and 
achieve desorption are the same used in the vapor phase experiment and 
are described in complete detail there. The adsorption step is a simple 
process which takes place at room temperatures. 
The adsorption of ethanol by Silicalite from aqueous solution is 
accomplished by adding SO grams of the adsorbent to 250 grams of various 
concentrations of ethanol solution in a volumetric flask. Each of the 
flasks is gently shaken throughout the day to achieve complete 
equilibrium. Then, the flasks are left overnight so that the adsorbent 
can completely settle to the bottom of the flask. After sitting 
overnight, a sample of the supernatant fluid from each flask is taken to 
be analyzed by a refractometer and gas chromatograph. These two 
• 
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instruments measure the concentration of the solution at equilibrium 
with the adsorbent. A mass balance determines the amount of ethanol 
adsorbed by Silicalite. 
To attempt a separation of the ethanol and water, two cases, one low 
concentration and one high, are chosen from the adsorption studies. In 
these cases, liquid phase adsorption is repeated except that 100 grams of 
Silicalite is exposed to 500 grams of solution in order to provide a 
larger sample of removed product. The total amount adsorbed per gram of 
Silicalite at equilibrium is the same. First, most of the liquid is 
removed from the adsorbent by vacuum filtration. When no more liquid can 
be removed in this manner, the adsorbent is weighed to determine the 
amount of material still held. Since the adsorbent still holds a lot of 
water at this point, it is dried at 60 degrees Celsius in a closed system 
where a condenser collects the resulting fluid. This system is the same 
used in the vapor phase experiment. The refractometer and gas 
chromatograph analyze the material collected by the system for ethanol 
concentration. 
After the adsorbent is dried, it is placed in a vacuum system where 
desorption of the enriched product is accomplished. This system is also 
the same used in the vapor phase experiment. There, heating and vacuum 
stripping Silicalite removes the adsorbate until the molecular sieve 
returns to its original weight. The adsorbate removed in this manner is 
collected in a liquid nitrogen cold trap to be analyzed further by the 
refractometer and gas chromatograph. All information gathered from the 
solutions exposed to and removed from Silicalite is used to obtain a 
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total mass balance and a mass balance of the ethanol component. 
Vapor Phase Experiment 
Equipment 
Adsorption apparatus To accomplish vapor phase adsorption, a 
closed system is built that can be maintained at elevated temperatures. 
Elevated temperatures are necessary to provide substantial partial 
pressures of ethanol and water in the system without condensation. To 
achieve high temperatures, the adsorption system is completely mobile, 
so that it can be moved to a room which is heated and thermostatically 
controlled. The temperature of the room can be maintained as high as 
100 degrees Celsius. 
After the system is heated in the room, ethanol and water vapors 
are exposed to the molecular sieve, Silicalite. The vapors are 
circulated to Silicalite by natural convection only to avoid 
complications of forced flow by fans or pumps. Circulation can be 
directed between either the source of the vapors and the adsorbent or 
the adsorbent and a cold finger condenser. Stopcocks strategically 
located in the apparatus control the circulation (see Figure 4). 
The source of the ethanol and water vapors is a flask containing 
a liquid solution of aqueous ethanol. The temperature of the liquid is 
kept below the temperature of the hot room by a water bath which 
surrounds the flask. The water bath closely controls the temperature 
of the liquid, and therefore, the dew point of the ethanol and water 
vapors that are evaporated. Heating and cooling coils control the 
to 
manometer.-
and vent 
magnetic· stirrer 
and water both 
~ 1111 
chimney 
Figure 4. Adsorption system 
._ 
refric;leront 
out 
e stopcock 
or valve 
~ ~ standard toper joint 
11 
V thermometer 
ther~ 
rrH-~refric)etont 
~ 
in 
:ceiving 
vessel 
N 
0 
21 
temperature of the water bath which surrounds the evaporation flask. 
Ethylene glycol mixed with the water and styrofoam chips at the 
interface prevent rapid evaporation of the water in the bath to the 
room. Both the water bath and the liquid in the evaporation flask are 
stirred by a magnetic stirrer. A magnetic stirring bar in the 
evaporation flask is driven by the magnetic bar which stirs the water 
bath below it. Stirring is important to improve equilibrium and assist 
mass transfer between the aqueous solution and its vapors in the 
evaporation flask. 
Silicalite is contained in another flask in the system. The flask 
is completely exposed to the heated air of the room. Therefore, the 
temperature of the room also controls the temperature at which adsorption 
on the solid takes place. Glass wool which distributes the Silicalite 
evenly in the adsorption flask minimizes mass transfer resistance. 
Furthermore, the glass tubing of the flask guides the flow of vapors 
directly to the Silicalite to eliminate channeling. The adsorption flask 
can be completely isolated and removed from the rest of the system by 
the use of large bore stopcocks and standard taper joints on the flask. 
In another part of the apparatus is a cold finger condenser and 
receiving vessel. This part of the apparatus collects condensable 
material when circulation is directed through it. The cold finger is 
continuously fed refrigerant through heavily insulated lines. After 
flowing through the condenser, the refrigerant flows to the receiving 
vessel, which is jacketed, to keep the collected material cool despite 
the heat of the room. The receiving vessel can be removed from the 
22 
system as well for analysis of the collected material. 
Two driving forces promote natural convection during adsorption. 
Above the adsorption flask is a fifty centimeter column wrapped with 
heating tape. This heated column acts as a chimney~ providing the main 
driving force for circulation. By heating the flowing vapors within it, 
the column maintains the static head necessary to overcome friction 
forces that hinder circulation. The large diameter tubing which 
interconnects the system minimizes the friction forces. Above the 
evaporation flask is a countercurrent heat exchanger. Its purpose is to 
control the temperature of the circulating vapors as they circulate back 
to the evaporation flask. The density difference between hot vapors in 
the chimney and cooled vapors in the beat exchanger drives the natural 
convection of vapors in the adsorption system. 
The source of the cooling water of the heat exchanger is the water 
bath which surrounds the evaporation flask. Before water is pumped to 
the inlet of the heat exchanger, it is slightly heated through copper 
coils exposed to the heated air of the room. The purpose of this 
procedure is to ensure that the vapor, which is cooled in the heat 
exchanger, is cooled to a temperature only slightly above the temperature 
of the evaporation flask. As a result, the vapor is close to thermal 
equilibrium with the aqueous ethanol solution in the flask. 
At various points, either thermocouples or thermometers monitor 
the temperature of the system. On and off controllers, recorders and 
variable transformers located outside the hot room are connected to the 
heating coils, heating tape, and the heat exchanger pump to control the 
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operation of the system. Refrigerant is pumped through heavily insulated 
lines to the cold finger from the outside as well. Cooling water to 
the cooling coils in the water bath is controlled by a needle valve and 
monitored by a rotameter. The pressure of the system is checked 
periodically by a vent connected to a mercury manometer. The vent also 
can be opened to the atmosphere to release pressure in the system as the 
system heats to the temperature of the hot room. When the temperature of 
the hot room and all equipment is equilibrated, the temperature at the 
various points of the apparatus can be maintained and controlled for 
long periods of time. 
Desorption apparatus The desorption apparatus is much more 
simple than the adsorption system. In order to remove the adsorbate 
cleanly, it is necessary to heat and vacuum strip the Silicalite in a 
separate system. The desorption system consists of a mechanical pump 
and a liquid nitrogen trap to remove and collect the adsorbate (see 
Figure 5). Two valves on the mechanical pump line closely control the 
flow of air and vapor from the adsorption flask to the liquid nitrogen 
trap. Heat is applied to the adsorbent during this operation by a heating 
mantle, and a strip chart recorder monitors its temperature. When 
desorption is complete and the adsorbate removed to the cold trap, air 
may be let into the system after passing through a desiccant. 
Analysis equipment Analysis of the composition of all solutions 
is achieved by two independent means: refractometry and gas 
chromatography. These two methods ensure accurate and precise 
determination of composition. Each of the instruments is calibrated and 
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recalibrated periodically throughout the experiments. 
A Bausch and Lomb refractometer is used to measure the refractive 
index of the solutions. The glass prism of the refractometer is 
temperature controlled at 20 degrees Celsius by circulating water. The 
refractive index can be calibrated with composition up to 50% by weight 
ethanol. Generally, a precision of 1/2% by weight is expected from the 
refractometer. 
A Gow Mac series 550 gas chromatograph with a Hewlett Packard 
integrator measure composition as well. The chromatographic column is 
packed with Porapak Q (22), a porous polymer particularly efficient for 
separating a wide variety of low molecular weight materials. When a 
small sample is injected into the column, it flows through the packing 
which separates the water and ethanol components. A thermal conductivity 
detector produces a signal proportional to the amount of material eluted 
by the column, and the integrator determines the relative area of the 
graphed signals. When the relative area of the signals is calibrated 
against composition, a precision of .1% by weight is expected. Table 1 
describes the operating conditions of the gas chromatograph. 
Procedure 
Material preparation Typically, a vapor phase experiment lasts 
two days: one day for adsorption and another day for desorption and 
analysis of solutions. After three of these experiments, the adsorbent 
Silicalite is fouled visibly. Fortunately, Silicalite can be regenerated 
easily. 
26 
Table 1. Gas chromatograph conditions 
Carrier gas 
Flow rate 
Injection port temperature 
Column temperature 
Detector temperature 
Detector current 
Helium 
60cc/min 
160°C 
160°C 
165°C 
WO~ 
To regenerate the molecular sieve, it is placed in an oven for a t 
least six hours at 600 degrees Celsius. After this time, the adsorbent 
returns to its original color and texture. The Silicalite used in this 
work is a pure powder consisting of extremely small particles between 
10 to 15 microns in diameter. When the adsorption flask is to be 
recharged with adsorbent, one hundred grams of Silicalite is delivered 
to the flask and distributed with the glass wool by gentle shaking. 
Before the material is used to obtain more data, however, the Silicalite 
is vacuum pumped and slightly heated in the desorption system to remove 
any atmospheric water that may have been adsorbed during storage. A 
simple experiment reveals that Silicalite picks up a maximum of 2.5% 
by adsorbent weight after exposure to the atmosphere 48 hours. 
Aqueous ethanol solutions are made by diluting 95% by weight ethanol 
with deionized, condensed steam. A triple beam balance carefully weighs 
the components. By this procedure, the composition of the solution is 
known to within 0.02% by weight. 
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Before the adsorption system is used, it is carefully checked for 
leaks. The system is pressurized by hand pumping air bubbles through 
a closed container of water connected to the vent of the adsorption 
system. Generally, the adsorption system can hold 50 inches of water 
of air pressure overnight. When the system is deemed secure from leaks, 
the air pressure is released. 
Previous to the vapor phase experiment, the desorption apparatus is 
checked to see that all volatile components are recovered when removed 
by vacuum from the adsorption flask to the cold trap. The expected mass 
and composition for a typical adsorbate is placed in the adsorption flask 
and slowly pumped until all material disappears from the flask. It is 
during this procedure when adiabatic cooling effects are realized to be 
an important phenomena when desorbing. Heating is necessary to remove 
water, which is the less volatile component of the binary mixture. When 
the material in the cold trap is removed, the amount and composition are 
the same as originally placed in the adsorption flask. 
Adsorption procedure Before vapor phase adsorption is to begin, 
it is necessary to mix a starting solution of aqueous ethanol of known 
composition and weight. First, a 500 gram solution is mixed well to a 
precise concentration in a clean, dry volumetric flask. Then, a small 
sample of approximately five grams is taken. The sample is used as a 
calibration check of the refractometer and the gas chromatograph and to 
be sure that the starting solution is made correctly. Before delivery 
to the evaporation flask, the weight of the solution is precisely 
measured and recorded. 
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The adsorption flask containing the Silicalite is weighed before 
connecting to the adsorption system as well. It is connected to the 
system by means of standard taper joints well greased with silicone 
stopcock grease. All joints in the system are clamped and supported. 
After the adsorption flask is connected, the aqueous ethanol solution 
is poured into the evaporation flask. The volumetric flask which 
contained the solution is weighed to account for any solution which is 
not delivered to the evaporation flask. Then, the adsorption system is 
closed. At this point, the system is moved inside the hot room, and all 
connections to the outside support equipment are made. 
When connection to the support equipment is complete, the magnetic 
stirrer, heating and cooling coils, heating tape, controllers, and 
recorders all are started. To prevent excessive pressure in the system, 
the vent is opened to the atmosphere once or twice during heating to the 
elevated temperatures. When the temperature of the adsorbent, which is 
monitored by a recorder, reaches the temperature of the hot room, then 
the adsorption flask is opened and exposed to the ethanol and water 
vapors, which begin to circulate. 
The vapors are allowed to circulate between twelve and eighteen 
hours, depending upon the temperature at which the aqueous solution is 
maintained. At higher temperatures, Silicalite reaches its maximum 
adsorbed weight after eight hours. At lower equilibrium temperatures, 
equilibrium is not reached until later. Vapor phase adsorption is not 
stopped until equilibrium is deemed complete. 
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When the adsorption phase is done, the adsorption flask is 
isolated from the rest of the system. All equipment is shut off except 
for the cooling water supply to the water bath and the magnetic 
stirrer. After the system is cooler, the adsorption system is completely 
disconnected and moved out of the hot room. 
Outside the hot room, the system is opened. The adsorption flask, 
which is still closed, is removed and weighed to determine the total 
amount of material adsorbed by Silicalite. The aqueous ethanol solution 
remaining in the evaporation flask is transferred to a weighed volumetric 
flask by pipet. The voltnnetric flask and remaining solution are weighed, 
and the total amount of solution evaporated during adsorption is 
determined. 
Desorption procedure In the original design of the vapor phase 
experiment, the adsorption apparatus accomplishes both adsorption of 
the vapors by Silicalite and desorption of an enriched adsorbate. In 
the original procedure, circulation of vapors is switched to flow between 
the adsorption flask and condenser, after equilibrium between the aqueous 
solution, the ethanol and water vapors, and Silicalite is complete. It 
is intended at this point in the procedure that when a heating mantle 
heats the Silicalite in the adsorption flask, desorption would ensue, 
and the adsorbate would condense and collect in the receiving vessel. 
However, despite vigorous heating to temperatures as high as 200 degrees 
Celsius, this procedure yields only ambiguous and frustrating results. 
The total mass balance does not close, and much of the ethanol 
originally supplied is not recovered. In addition, the adsorption flask 
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does not return to its original weight before adsorption, and the 
receiving vessel collects mostly water. Therefore, the condenser and 
receiving vessel are kept isolated and unused throughout the vapor phase 
experiment except when the apparatus is used to dry the adsorbent in 
the liquid phase separation technique. 
Since simple heating of the adsorbent fails to remove the adsorbate 
unambiguously, it is necessary to construct a separate system for 
desorption. To accomplish desorption of the enriched adsorbate, the 
adsorption flask first is connected to the desorption system. Then, the 
mechanical pump is started to slowly remove and collect it in the liquid 
nitrogen trap. It is important that desorption proceeds slowly in this 
step to ensure that all condensable material collects in the cold trap and 
to control adiabatic cooling effects. 
Two valves at the mechanical pump control the rate at which the 
adsorption flask is pumped. The resistance to flow from the desorption 
system to the pump is slowly reduced as time passes. Usually, it takes 
one hour for the adsorption flask to be completely pumped down to a vacuum. 
As the flask is pumped, it is slowly heated by the heating mantle; and 
after three hours, the temperature of Silicalite is at least 120 degrees 
Celsius. 
By this point, desorption is complete, and the adsorbate removed to 
the cold trap. The liquid nitrogen dewar is removed from the cold trap, 
and dry air is slowly let back into the system through the desiccant. 
The adsorption flask is allowed to cool and the cold trap allowed to 
warm to room temperature, after they are isolated from each other by 
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means of a stopcock. After awhile, the cold trap, which now contains 
the adsorbate, is removed from the system. The cold trap is weighed for 
the adsorbate, and the adsorbate is removed to be analyzed. More dry air 
is allowed in the adsorption flask, which is now cooled to room 
temperature. Then the flask is weighed to determine if Silicalite is 
regenerated to its original weight. All weights are recorded to determine 
if a total mass balance is complete. 
Analysis procedure After an experimental run is complete, there 
are three solutions to be analyzed: the sample of the starting solution, 
the solution which remained after adsorption, and the adsorbate that is 
collected by the desorption system. All three are analyzed both by the 
refractometer and the gas chromatograph. 
The refractive index of each solution is measured once. Disposable 
pipets are used, and the glass prism of the refractometer wiped clean 
between each sample. Concentration is determined by comparison with 
calibration curves. 
A microliter syringe is used to inject samples of the solutions into 
the gas chromatograph. Before injection, the syringe is rinsed with the 
solution at least three times. Then, a ten microliter sample is injected 
and analyzed by the gas chromatograph and integrator. Two injections 
from each solution are made; and if necessary, a third is taken if the 
two disagreed significantly. Again, a calibration curve determines 
concentration from the relative areas determined by the integrator. 
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RESULTS AND DISCUSSION 
The present work studies the recovery of ethanol with Silicalite 
after exposure to liquid phase and vapor phase ethanol and water 
mixtures. The liquid phase experiment repeats previous experiments which 
try to obtain enriched fractions of ethanol, except that an approximate 
mass balance is achieved. The vapor phase experiment directly measures 
the total amount and composition of the adsorbate by removing it completely 
from Silicalite, achieving a complete mass balance. Several implications 
are discussed regarding a process for recovering ethanol from aqueous 
mixtures by adsorption on Silicalite. 
Liquid Phase Experiment 
The liquid phase adsorption experiment provides an accurate measure 
of the amount of ethanol adsorbed by Silicalite, but not the amount of 
water adsorbed. In the experiment, the amount of ethanol adsorbed is 
inferred from concentration changes in the liquid phase. The relative 
changes of ethanol concentration are large enough to provide an accurate 
determination of ethanol adsorption, but the relative changes of water 
are not. The results of the experiment are presented in Figure 6. 
The figure compares the results of the experiment with two previous 
liquid phase experiments performed by Chriswell (7) and Milestone and 
Bibby (23). The figure shows good agreement amoung all the liquid 
phase data. Also presented in the figure is a curve discussed in the 
work by Klein and Abraham (19), which deals with vapor phase adsorption. 
The curve is an extrapolation of the Langmuir model for vapor phase 
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adsorption to a liquid at 25 degrees Celsius. The experimental liquid 
phase data and the predicted curve agree well. Therefore, it is 
reasonable to assume that the Silicalite used in this work has the same 
capacity to adsorb ethanol as used in both the previous liquid phase 
studies and the vapor phase work presented by Klein and Abraham. 
Figure 6 also illustrates the fact that Silicalite strongly adsorbs 
ethanol from liquid mixtures of low concentration. The adsorbent appears 
to saturate at a relatively low concentration of ethanol in the aqueous 
solution. Evidence from previous literature shows that water is little 
adsorbed by the adsorbent. This unique organophilic, hydrophobic 
character has strongly pointed to the application of Silicalite in an 
ethanol recovery process with liquid phase mixtures. 
In this study, the separation of ethanol from liquid phase solutions 
is attempted as in previous studies. The two solutions that are chosen 
for the separation have an equilibrium concentration of 1.8% and 7.5% 
ethanol. Of the 500 grams of aqueous solution exposed to 100 grams of 
Silicalite, an average of 89% of the solution is removed by vacuum 
filtration. This result means that 55 gram~ of solution still remain 
on the adsorbent. 
It is reasonable to suppose that the following technique is a good 
way to remove the remaining liquid. First, gently drying Silicalite 
removes the loosely held interstitial water. Then, a more vigorous 
method removes the ethanol enriched product that is left after drying. 
This technique is performed in the liquid phase experiment. 
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The drying temperature determines the amount of liquid that is 
removed first. At 60 degrees Celsius, a maximum of 25 grams of liquid 
is removed from the adsorbent. In the low equilibrium concentration 
case, this drying product is about 4% by weight ethanol, while in the 
high concentration case, the drying product is 9%. These ethanol 
concentrations are somewhat greater than, but comparable to, the 
concentrations in the corresponding equilibrium solutions. 
The liquid remaining on Silicalite represents the product which is 
the strongest adsorbed. For the low equilibrium concentration case, a 
product of approximately 15 grams is recovered at 34% by weight ethanol. 
In the high concentration case, a product of the same mass is collected 
with a concentration of 47% by weight ethanol. 
The mass balance in the liquid phase experiment is closed to within 
3% of the initial aqueous solutions. Some of the solution is believed 
lost during the vacuum filtration step. However, the experiment gives 
a clear idea of the enrichment of ethanol obtainable after liquid phase 
adsorption. The result of the low equilibrium case seems to be similar 
to the success Milestone and Bibby have in their liquid phase technique. 
Other studies in liquid phase separation demonstrate somewhat lower 
results when the overall concentration of the removed material is 
considered. 
The results of the liquid phase experiment show that even after 
drying, the adsorbent retains a great deal of water. It is speculated 
that a highly enriched ethanol adsorbate may be chemically adsorbed in 
the pores of the molecular sieve, but water may be physically adsorbed 
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on the outer surfaces as well. Given all the attempts to separate 
ethanol from liquid mixtures, it appears that a recovery technique 
done in the liquid phase is not a good way to obtain enriched products 
of ethanol by adsorption with Silicalite. 
Vapor Phase Experiment 
The vapor phase experiment performed in this study completely 
removes the adsorbate so that both the total amount adsorbed and the 
composition of the adsorbate are determined. Once the adsorbate is 
analyzed, the adsorption of ethanol and water on Silicalite can be 
better understood. Of practical importance are the implications for an 
ethanol recovery process with Silicalite. 
The previous vapor phase study presented by Klein and Abraham 
measures the total amount of ethanol and water adsorbed against the 
condition of the vapor and two adsorbent temperatures. A Langmuir 
mixture model fits the results of that study so that the total amount 
adsorbed and the composition of the adsorbate are estimated for any 
given condition of the vapor and adsorbent temperature. The Langmuir 
model presented by Klein and Abraham is used particularly in this study 
to compare the two studies and to better understand the properties of 
adsorption of ethanol and water by Silicalite. 
The vapor phase condition is described by the composition of 
ethanol and the sum of the partial pressures of ethanol and water in 
the vapor in equilibrium with the liquid source. After assuming 
thermodynamic equilibrium between the liquid and the vapor, the condition 
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is determined by the concentration and temperature of the liquid source. 
The source concentration mainly determines the concentration of ethanol 
in the vapor, and the source temperature mainly determines the sum of 
the partial pressures. Appendix A Sl.Ul1marizes the calculation of the 
vapor phase condition. 
As long as the assumptions of the Langmuir mixture model apply to 
Silicalite, the results of this study should be comparable to the 
predictions based on the vapor phase data presented by Klein and Abraham. 
These data indicate that adsorption of ethanol by Silicalite is highly 
selective at relatively low pressures. It is estimated from the Langmuir 
fit of the data that a highly enriched adsorbate is obtained from 
relatively low concentrations of ethanol in the vapor. Appendix B 
gives a further description of the Langmuir model and how it is used in 
the present study. 
Observed cases 
The vapor phase experiment is a more accurate study of the enrichment 
of ethanol and water mixtures by Silicalite than the liquid phase 
experiment. The entire procedure, adsorption as well as desorption, is 
done in closed systems. The weight and concentration of all solutions 
are measured precisely. As a result, a better mass balance is realized 
in the procedure. On the average, the mass balance is closed to 1% of 
the starting solution. 
The experiment explores the Silicalite adsorbate at three adsorbent 
temperatures and three source compositions. The temperature of the 
source of the ethanol and water vapors is varied as well in the 
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experiment. Table 2 summarizes the cases observed in this study. The 
temperature of the hot room, which determines the adsorbent temperature, 
is set at 60, 76, or 93 degrees Celsius. The equilibrium concentration 
of ethanol in the liquid solution source is approximately 2%, 8%, or 
50% by weight ethanol. At one solid temperature, the temperature of 
the source is varied at the two low concentrations. One of these cases 
is replicated so that solid temperature, equilibrium concentration, and 
temperature of the source all are held constant. Since the experimental 
procedure is slow and difficult, the cases are chosen in this manner to 
obtain the most information from the least number of experiments. 
The replication of one of the cases in the experiment gives an 
indication of the reproducibility of the data. The equilibrium 
concentrations observed are found to differ only 0.1% by weight. The 
total adsorption measurements are 5.16 and 5.78 grams. The adsorbate 
Table 2. Observed cases: source concentration, source temperature, 
and absorbent temperature 
Absorbent 
temp. (°C) 
60 
76 
93 
Source concentration (wt %) 
2 8 50 
56 56 56 
56 & 70a 56 & 70 
76 76 
aThis case is replicated. 
Source temp. 
(OC) 
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concentrations are found to be 46% and 40% by weight ethanol. These 
results give an idea of the random error involved in the vapor phase 
experiment. 
Total amount adsorbed 
The measurement of the total amount adsorbed by Silicalite in the 
vapor phase experiment is presented in Figure 7. In the figure, the 
observed total amount adsorbed is compared to that predicted by the 
Langmuir mixture model. The 45 degree line is where the predicted total 
adsorption equals the observed. The figure suggests that the total 
adsorption predicted by Klein and Abraham's work is somewhat greater 
than observed in the vapor phase experiment. This observation is 
supported by a standard statistical t-test (see Appendix C). 
The difference between the predictions based on Klein and Abraham's 
study and the total adsorption observed in this study may be attributed 
to differences in experimental design. In Klein and Abraham's study, 
vapor phase adsorption is accomplished in a vacuum system with carefully 
degassed ethanol and water sources. It is found in that study that air 
in the system slightly depresses the total adsorption. After waiting 
awhile, however, full adsorption eventually is realized. Given these 
observations, it is speculated that air hinders equilibrium between the 
vapor and the adsorbent. In this study, equilibrium is achieved by 
simply waiting a long time as the vapors are driven by natural 
convection to the solid. Particularly with low source temperatures, the 
total amount of adsorption measured in this study is less than predicted 
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by Klein and Abraham. This observation may indicate the difficulty of 
achieving equilibrium in this situation. Given these complications, 
the total adsorption observed in this study reasonably approximates that 
predicted by Klein and Abraham's vapor study. 
Trends 
The trends in the total adsorption data do match the trends 
predicted by the Langmuir model. Figure 8 illustrates the effect of the 
temperature of the source on the total amount adsorbed by Silicalite. 
The observed data from the two source temperatures are plotted against 
the equilibrium concentration of the source. The temperature of the 
solid in this case is constant at 76 degrees Celsius. The curves 
represent the predicted adsorption for the two source temperatures from 
the Langmuir mixture model. 
In both the observed and the predicted case, the figure shows that 
for constant equilibrium concentration there is more adsorption when 
source temperature is increased. This observation simply reflects the 
fact that the source temperature determines the sum of the partial 
pressures of the ethanol and water vapors in the system. So in other 
words, more adsorption is realized as more ethanol and water vapor is 
exposed to Silicalite. It also may be noted that there is less total 
adsorption than predicted. Again, this observation may be indicative of 
the difficulty of achieving equilibrium in the presence of air. 
Figure 9 demonstrates the effect of solid temperature on the total 
amount adsorbed. In this case, the temperature of the source is held 
constant while the temperature of the solid is changed. Both the 
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observed data and the predicted values show that for the same equilibrium 
concentration, there is a decrease in the total adsorption as the solid 
temperature is increased from 60 to 76 degrees Celsius. Figure 9 can be 
explained in the same way as Figure 8. In either case, the degree of 
saturation of the adsorbed vapors is changed by either changing the 
source temperature or the solid temperature. It can be noted that for 
the solid temperatures observed, total adsorption is strongly affected 
by the adsorbent temperature. 
In Figure 10, the source temperature is maintained five degrees 
lower than the solid temperature. This figure illustrates the case of 
the adsorbent almost fully saturated with ethanol and water vapor at two 
solid temperatures. For both the predicted and observed values, it is 
found that the solid temperature has little or no effect on the ultimate 
capacity of the molecular sieve. 
Adsorbate concentration 
The measurement of the adsorbate concentration in the vapor phase 
experiment is presented in Figure 11. The measurement is most 
important because it indicates the ability of Silicalite to selectively 
adsorb ethanol over water and yield an enriched product. The figure 
plots the adsorbate concentration against the equilibrium concentration 
of the source of ethanol and water vapors in the vapor phase system. 
Also presented in the plot is the prediction of adsorbate concentration 
for the range of solid temperatures that are studied. 
Figure 11 shows that the adsorbate concentration is primarily a 
function of ethanol concentration in the aqueous ethanol source. Neither 
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source nor solid temperature has a significant effect. The predictions 
of the Langmuir model are represented as an envelope of curves in the 
figure for the range of source and adsorbent temperatures that are 
observed. The predicted values of adsorbate concentration also vary 
only a small amount with source or solid temperature. 
Most importantly, however, the figure shows that the ethanol content 
of the adsorbate observed in the experiment is not as great as expected. 
The figure shows that for low source concentrations, the enrichment of 
ethanol in the adsorbate is substantial, but for high equilibrium 
concentrations, the maximum experimental concentration of ethanol in the 
absorbate never exceeds 80%. The predicted adsorbate concentration 
exceeds 95% by weight ethanol when source concentration is high. 
An alternative comparison of predicted and observed results is 
afforded by the molar selectivity. The molar selectivity is given by 
the ratio of the ethanol and water concentrations in the adsorbed phase 
divided by the ratio in the vapor phase. Since it is based on the 
estimation of the ethanol concentration in the vapor, it is a description 
of the degree of enrichment of ethanol in the adsorbate over the 
ethanol content of the vapors exposed to Silicalite. 
Table 3 lists the condition of the liquid source, the estimation 
of the vapor condition, and the adsorbent temperature against molar 
selectivity. The following points can be observed about the table: 
first, the Langmuir model predicts a higher molar selectivity than 
observed in the vapor phase experiment. Second, the molar selectivity 
changes from moderate values at low concentrations to a selectivity of 1, 
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Table 3. Molar selectivity 
Liquid Liquid Vapor Sum part. Adsorbent Molar 
cone. temp. cone. pressure temp. selectivity 
(wt %) (OC) (wt %) (KP a) (OC) 
2.5 56 20.6 18.0 60 3. 71 
8.0 56 44.6 21.l 3.73 
49.0 56 76.7 34.2 1.22 
2.0 70 17.7 33.5 76 3.96 
2.1 70 18.4 33.6 2.83 
2.5 56 20.6 18.0 3.86 
7.8 56 44.0 21.0 2.98 
8.0 70 45.1 40.0 3.30 
1. 8 76 16.4 43.0 93 7.62 
46.0 76 74.3 81.6 1.81 
indicating no enrichment, at high concentrations. 
Klein and Abraham estimate a molar selectivity of 14 at 60 degrees 
Celsius. This estimation is based on the fit of the Langmuir model, 
which depends strongly on data at vapor pressures below those studied 
here. The Langmuir model also predicts that the molar selectivity 
should not change with ethanol concentration and depends on adsorbent 
temperature only. A derivation of the molar selectivity for the Langmuir 
model is given in Appendix B. 
The total adsorption data approaches that predicted by the Langmuir 
mode l, but the observed adsorbate concentration is clearly different. 
These conclusions mean that water is adsorbed by Silicalite in place of 
ethanol which the Langmuir model predicts to be adsorbed. The model 
assumes tha t the energies of adsorption of ethanol and water are constant. 
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This assumption implies that Silicalite is a homogeneous material 
consisting of uniform adsorption sites. It also implies that there are 
no interactions among adsorbate molecules. But the results of the vapor 
phase experiment indicate that the adsorption of ethanol and water may 
be more complicated than assumed by the Langmuir model. 
The fact that the molar selectivity changes as ethanol concentration 
increases is interesting. Perhaps the presence of adsorbed ethanol on 
Silicalite may serve as additional hydrophilic sites not anticipated by 
the Langmuir model. But more important is the implication regarding an 
ethanol recovery process with Silicalite. Since there is no enrichment 
at high concentrations, Silicalite is not a good candidate for the 
production of anhydrous ethanol. 
Unless the .:>dsorption properties of Silicalite can be altered, 
ethanol cannot be completely separated from water by an adsorption 
process with the molecular sieve. But the fact that the ethanol content 
of the adsorbed phase is substantial at low concentrations indicates a 
strong potential for enriching low concentration ethanol and water 
mixtures with Silicalite. Standard distillation procedures cannot be 
used to recover ethanol from low concentration mixtures, because energy 
requirements are excessive. However, it appears that energy requirements 
of an adsorption process might be more reasonable. An energy efficient 
adsorption process for recovering ethanol from low concentration 
solutions is an attractive way to help the energy balance in the 
production of gasohol. 
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Chemical Reaction 
The vapor phase experiment reveals the ethanol content and the 
total amount of the adsorbate which is present on Silicalite after 
exposure to vapor mixtures. The experiment finds that the adsorbent 
generally is enriched over the composition of ethanol in the vapor. But 
the vapor phase experiment also reveals a complicating matter important 
to a potential process for enriching ethanol and water mixtures with 
Silicalite. The complication was first detected when the vapor phase 
adsorption apparatus was used initially to accomplish desorption as well 
as adsorption. 
In the original design of the experiment, desorption is attempted 
by quickly heating the adsorbent to a temperature as high as 200 degrees 
Celsius and condensing the resulting material with the cold finger 
condenser. The most frustrating result of that attempt is the excess 
amount of water which is produced. The mass balance consistently 
indicated that water is produced when the adsorbent is heated too quickly. 
The source of ethanol and water vapors in the experiment, of course, 
is mostly water. So to definitely show that water is made when the 
adsorbent is heated too quickly, the experiment was repeated with a pure 
ethanol source. The results of this experiment indicate that ethanol 
is lost and water produced when the adsorbent is heated to extreme 
temperatures. In fact, from a mass balance, ethanol is lost to water on 
a mole to mole basis. 
The mass balance indicates that ethanol is oxidized in a chemical 
reaction to acetaldehyde. Ethanol is easily oxidized when in an acid 
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environment at high temperatures; and since the adsorbent is an acidic 
substance, Silicalite acts as a catalyst for the reaction. During the 
attempt to desorb an enriched product by heating the adsorbent, 
acetaldehyde was detected by its odor. Therefore, acetaldehyde became 
a prime suspect as the product of the chemical reaction in the vapor 
phase experiment. 
When the vapor phase experiment was improved, the suspicion of a 
chemical reaction to acetaldehyde was confirmed. In the new design, a 
vacuum pump removes the adsorbate in a separate system. In order to 
completely remove the adsorbate to the cold trap, heating is required 
in the vacuum system as well, although it is applied much more gently 
than before. When the adsorbate is analyzed after desorption by vacuum 
stripping, the gas chromatograph detects a small trace of acetaldehyde. 
In general, the amount of acetaldehyde found with the vacuum system 
is less than 1% of the adsorbate by weight. So the amount of 
acetaldehyde has only a small effect on the adsorbate concentration that 
is observed in the vapor phase experiment. But the chemical reaction 
is a definite phenomena which should be considered, especially in the 
presence of high temperatures. 
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CONCLUSIONS 
The present study offers several conclusions about the adsorption 
of ethanol and water by Silicalite and the adsorbent's potential 
application for enriching aqueous ethanol solutions. 
The liquid phase experiment shows that the adsorption of ethanol 
by Silicalite is comparable to previous measurements. This result 
indicates that the adsorbent which is used in this study is similar to 
that used previously. It also corroborates evidence which show that 
Silicalite strongly adsorbs ethanol. Recovery of an ethanol enriched 
product is attempted in this study as attempted in previous work. In 
this study, a mass balance is approximately closed. The results of 
the liquid phase recovery technique are also found to be similar to 
previous attempts. A somewhat enriched product is obtained, but the 
adsorbent also retains a great deal of water. Therefore, a recovery 
technique in the liquid phase may not be the best way to obtain enriched 
products of ethanol. 
The vapor phase experiment is a more accurate study of the 
adsorption of ethanol and water by Silicalite. The total amount 
adsorbed and the composition of the adsorbate is directly measured in 
the experiment. The measurement is compared to a previous vapor phase 
study by Klein and Abraham, which estimates the adsorbate by a fit of 
total adsorption data with a Langmuir mixture model. 
The total adsorption data in this study reasonably approximate the 
predictions of the Langmuir mixture model. Also, the trends in the data 
match the expected trends of the model. The adsorbate concentration 
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observed in the study is found not to be a strong function of adsorbent 
temperature or source temperature. This observation also is consistent 
with the Langmuir model. These results indicate the similarities 
between the present study and Klein and Abraham's vapor phase study. 
The adsorbate observed in this study appears to be quite enriched 
in ethanol at low equilibrium concentrations of the aqueous source, but 
levels at 80% by weight ethanol at high concentrations. The calculation 
of the molar selectivity is a more sensitive measurement of the enrichment 
of ethanol in the adsorbate in the vapor phase experiment. At high vapor 
concentrations, a selectivity of 1 is approached indicating no enrichment. 
At lower vapor concentrations, an average selectivity of 4 is observed. 
In comparison, a fixed selectivity of 14 is inferred from the total 
adsorption study by Klein and Abraham. The results of this study 
indicate that the adsorption of ethanol and water is more complicated 
than assumed by the Langmuir model. 
The results of the vapor phase experiment suggest several 
implications regarding a process for enriching low concentration 
solutions of ethanol and water. With low concentrations, the adsorbate 
is demonstrated to be significantly enriched over the vapors exposed to 
the adsorbent. But the decreased selectivity for higher concentrations 
of ethanol in the vapor shows that Silicalite is not a good candidate for 
the production of anhydrous ethanol. The vapor phase experiment also 
shows that high temperature treatment may not be used. Desorption by 
thermal swing is severely complicated by the chemical reaction of ethanol 
to acetaldehyde. An alternative method must be applied to remove the 
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the ethanol enriched adsorbate. 
Since the adsorbent demonstrates significant enrichment after 
exposure to low concentration mixtures, Silicalite does remain a strong 
candidate for the processing of waste beer from distillation. Waste 
beer from a distillation process may have a concentration below 2% by 
weight ethanol. In this case, the energy requirements for recovering 
the ethanol are too large; and therefore, the beer is discarded. An 
adsorption process with the molecular sieve, Silicalite, is a promising 
alternative for recovering ethanol from the discarded material. 
Silicalite used in this manner may substantially help the energy balance 
in the production of gasohol. 
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RECOMMENDATIONS 
Future work may be directed toward removal of the adsorbate by an 
alternative method. The method of vacuum stripping is used successfully 
in this study, but it is obviously not economically desirable for a 
connnercial process. A displacement method to remove the adsorbate may 
be a good alternative. Previous literature (30) has shown that co2 gas 
is appreciably adsorbed by Silicalite. This gas should displace the 
ethanol enriched adsorbate after exposure in high concentrations and 
moderately high temperatures. The product then can be easily condensed 
and collected. In the future, this method could become economically 
utilized to recover ethanol from low concentration solutions by a 
selective adsorption process with the adsorbent, Silicalite. 
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APPENDIX A: VAPOR PHASE CONDITION 
The weight percent of ethanol and the sum of .the partial pressures 
of ethanol and water describe the condition of the vapor phase in 
equilibrium with the liquid solution. These values are necessary in 
order to use the Langmuir mixture model to determine the properties of 
the adsorbate. After some reasonable assumptions are made, and 
information from several sources is collected, the vapor phase conditions 
can be estimated from data obtained from the liquid solution. 
If the vapor phase is considered an ideal gas, the partial 
pressure (K.Pa) for each component is given by 
where 
p = y P.vap i xi i 1 
= mole fraction of component i in solution, 
yi activity coefficient of component i in solution, 
P.vap =vapor pressure of component i, KPa, and 
1 
i the ith component: i = 1 for ethanol, i 2 for 
water. 
Once the partial pressure for each component is calculated by 
Equation (1), the vapor phase condition is determined by 
(1) 
(2) 
(3) 
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where p sum of the partial pressures, KPa and 
yi mole fraction of component i in vapor. 
The activity coefficient and the vapor pressure are functions of 
temperature only. Therefore, all that is needed to determine the vapor 
phase condition is the composition and temperature of the liquid source. 
The dependence of the vapor pressure of the pure component i on 
0 temperature of the solution, t ( C), is expressed by the Antoine 
equation, 
log P.vap 
1 
B. 
1 (4) 
The constants Ai, Bi and Ci, which are independent of temperature, are 
obtained from data compiled by Hala et al. (15) for ethanol and water 
mixtures. 
The activity coefficient for a solution at a temperature of 25°C 
is obtained from the self-consistent equations determined by Hansen and 
Miller (16): 
log y 10 
2 -llx (1 - x )(0.665 - 0.560x - 0.090e ) 
log y 20 = x2 {0.945 - 0.560x - 0.090e-llx 
0.00818 [l _ e-llx (l + llx)]} 
2 
x 
(5) 
(6) 
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where yio = activity coefficient of component i at 2s0 c and 
x = mole fraction of ethanol in solution. 
The activity coefficient for a temperature around the boiling point 
of the mixture is given by the Van Laar equation, 
(7) 
(8) 
where A12 and A21 are constants obtained from the compilation by Hala. 
To determine the boiling point of the mixture, an iterative 
procedure is used in the following manner. First, the activity 
coefficient for each component is determined by Equations (7) and (8). 
Then, the boiling point of the solution is estimated. From this 
estimation, the vapor pressure and the partial pressure for each 
component are obtained from Equations (4) and (1), respectively. Then, 
the partial pressures are summed and compared to atmospheric pressure. 
If the sum of the partial pressures, P, is significantly different 
from atmospheric pressure, then the estimate of the boiling point is 
changed, and a new P is calculated and compared. From this procedure, 
both the boiling point of the mixture and the activity coefficients at 
that point are determined. 
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Once the activity coefficients at 25°C and at the boiling point 
are determined, the activity coefficient for a mixture in the range 
between room and boiling temperature is obtained by extrapolation. The 
extrapolation is derived from the exact thermodynamic equation for the 
change of the activity coefficient with temperature: 
where 
-t.H. 
din y. = ~~1 dT 
1 RT2 
t.Hi = the partial molar heat of mixing for component i, 
KJ/mol, 
R 
T 
0 the gas constant, KJ/mol K, and 
0 
= absolute temperature of the liquid solution, K. 
(9) 
If the partial molar heat of mixing can be assumed constant through the 
range, then it can be calculated by Equation (9). Once this quantity 
is known, the activity coefficient for any temperature in the range can 
be determined. 
After the vapor pressure and the activity coefficient are 
calculated, the conditions of the vapor in equilibrium with the solution 
is calculated by Equations (1), (2), and (3). The assumptions of the 
calculation are a vapor which is an ideal gas and a constant partial 
molar heat of mixing in the range between room and boiling temperatures. 
Knowing the vapor phase conditions allows for the estimation of the 
total amount adsorbed and the adsorbate concentration using the 
Langmuir mixture model for Silicalite. 
where 
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APPENDIX B: THE LANGMUIR MIXTURE MODEL 
The Langmuir mixture model may be written as, 
pi v bi pi 
1 +I bi Pi 
i 
M. = mass of component i adsorbed, kg/kg adsorbent, 
l. 
Pi= pure component liquid density kg/m3 , 
v 
b. 
l. 
3 
"pore volume" of the adsorbent, m , 
characteristic component parameter, a function of 
temperature, l/KPa, and 
i = the ith component: i = 1 for ethanol, i = 2 for 
water. 
The total adsorption and the adsorbate concentration is calculated 
from Equation (10) as, 
where M total amount adsorbed, kg/kg adsorbent and 
z. mole fraction of component i in the adsorbate. 
l. 
(10) 
(11) 
(12) 
The model assumes that the adsorption occurs on localized sites, 
and the maximum adsorption possible corresponds to a monomolecular 
layer. The pore volume parameter also is assumed the same for each 
65 
component. The values for the pore volume, the characteristic 
component parameter and the heat of adsorption, as determined by Klein 
and Abraham (19), are given in Table 4. 
Table 4. Langmuir mixture model parameters 
ba v 
Component (KPa-l) 3 (m /kg) 
Ethanol 0.81 1.52 x 10-4 
Water 0.0182 1.52 x 10-4 
aAdsorbent temperature = 60°C. 
The dependence of the coefficient b on temperature of the 
adsorbent is expressed by the Clausius-Clapeyron equation, 
where T 
b.H.ADS 
[ 1 
= exp R 
0 
= absolute temperature of the adsorbent, K, 
!Iliads 
(KJ/gmol) 
62.8 
40.6 
(13) 
llHiADS = heat of adsorption for component i, KJ/mol, and 
R the gas constant, KJ/mol °K. 
This equation allows for the extrapolation of the coefficient b to other 
temperatures under the assumptions of the Langmuir mixture model. 
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The model also allows for a prediction of the composition of the 
absorbed phase in terms of the molar selectivity. According to the 
model, molar selectivity is a function of temperature only since by 
Equations (10), (11), and (12) it is found: 
where yi = mole fraction of component i in the vapor and 
MWi = molecular weight of component i. 
(14) 
Therefore, the molar selectivity can be determined by the extrapolation 
of the coefficient, b, to the adsorbent temperature. 
Through the utilization of Equations (10) through (13), the 
estimations of the total adsorption and the concentration of ethanol in 
the adsorbed phase are obtained from knowledge of the vapor phase 
conditions. The molar selectivity is calculated by Equation (14). 
This information is used as a prediction of the values observed in the 
vapor phase experiment. 
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APPENDIX C: STATISTICAL ANALYSIS 
Table 5 lists the values of the observed total adsorption and the 
predicted total adsorption and the differences between them. 
Table 5. Observed versus predicted total adsorption 
Total adsorption (grams) Difference 
Observed Predicted d 
3.14 4.65 1.51 
4. 72 7.45 2.73 
5.10 4.09 -1.01 
5.16 6.10 .94 
5.55 7.31 1. 76 
5.78 6.20 .42 
8.10 9.04 .94 
8.48 9.76 1.28 
9.60 11.28 1.68 
10.12 9.90 - .22 
The following hypothesis is tested: Is the mean of the population 
differences, µd, zero? Or, in terms of the test hypothesis, HT, and 
the alternative hypothesis, HA, with a probability of making a type 1 
error, a 1, the hypothesis is given by, 
1The error of accepting the alternative hypothesis when the test 
hypothesis is true. 
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The test statistic, tT' for this hypothesis is 
where d the mean of the differences and 
sd the standard deviation of the differences. 
The following formulas are used to calculate the test statistic. 
d L: d. /N, 
• l. 
l. 
where N = the number of data = 10. The test statistic is found to be, 
tT = 2.973. The critical value for a two-tailed test is t = t(n-1, 
c 
a/2) = t(9,0.025) = 2.262. Therefore, the test statistic is found to 
be somewhat greater than the critical value, and a significant 
difference is confirmed. 
